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SUMMARY: Passivation is a process through which metals are protected from corrosion due to the 
formation of a nanometer-thick oxide layer on their surfaces. The great practical significance of 
passivation is that it protects metals and alloys from corrosion that occurs in the atmosphere, water and 
aggressive chemical environments. Studies on passive film formation and surface passivity of metals and 
alloys are not new. Substantial efforts have been made in recent decades to understand the 
thermodynamics and kinetics of the formation, growth and also breakdown of the passive films under 
various environmental conditions. It has been reported that the electrochemical stability of the passive 
film is mainly dependent on its chemical composition and structure (e.g. thickness, compactness, etc.) 
which are in turn influenced by the chemical composition and microstructure of the substrate as well as 
the conditions of the surrounding environment (i.e. pH, temperature, etc.). So far, various methodologies 
including surface treatments, surface coatings, inhibitors, etc. have been used to enhance the passivation 
ability and passive film stability upon the metals and alloys. The aim of this review paper is to investigate 
works that have been undertaken to improve the electrochemical corrosion behavior of the passive film 
formed on a steel surface, with particular focus on surface nanocrystallization treatments to understand the 
effect of grain size on the passivity behavior. It has been shown that currently there is no general 
agreement in the literature on the effects of grain refinement on the passivation ability and corrosion 
performance of stainless steels. The main reason for this disagreement is the complex contribution of 
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various factors resulted from different manufacturing processes and surface treatments which could pose 
complex effects on corrosion resistance of a material. Each one of these factors has its own effect on the 
passivity and corrosion behavior and they are also highly interdependent on each other. One of the 
significant gaps in corrosion-related literature pointed out in this paper is that when studying the passivity 
and corrosion resistance of nanocrystalline stainless steels, all the possible determining factors like grain 
size, grain boundary character, texture, chemical composition, phase composition, surface roughness, 
residual stresses and inclusions should be considered. 
Keywords: Passivation; Corrosion; Nano-crystallization; Steel 
 
1.  INTRODUCTION 
Stainless steels have been used extensively in various engineering applications such as steam power plants, chemical, oil and 
gas industries owing to their excellent corrosion resistance. The superior corrosion resistance of the stainless steel arises from a 
nanometer-thick passive film which naturally forms on its surface and limits susceptibility to attack in corrosive environments. 
However, localized breakdown of passive films leads to accelerated dissolution of the underlying material, eventually results in 
the failure of stainless steels [1-3]. 
Some metals and alloys, like iron and steels, are inherently reactive and so can react with oxygen to form passive films on their 
surfaces, when exposed to corrosive environments. The passive film then acts as a barrier between the metallic substrate and 
the environment. The chemical composition of the passive films depends on many factors such as the chemical composition of 
the substrate, pH, temperature, applied potential, etc. The structure reported in the most of the investigations for the passive 
film on stainless steels is composed of an inner Cr-rich and an outer Fe-rich layer. The protective efficiency of this passive film 
is found to be dependent on its chemical composition, microstructure, and electrical properties [4-7]. Therefore, many 
investigations have been done over the past decades to examine and improve the properties of the passive films formed on 
stainless steels and to understand and prevent the localized corrosion [8-14], in order to achieve a longer working life of the 
components made from stainless steels. 
The phenomena of passivity and localized corrosion have been studied extensively. For example, the physico-electrochemical 
aspects of passivity and mechanism of growth and breakdown of passive films have been reviewed by Macdonald [15] and 
recently by Maurice and Marcus [16] on the nanoscale growth, structure, and local properties of passive films. Different aspects 
of pitting corrosion with a focus on the initiation and propagation stages of pit formation have been reviewed by Soltis [17], 
who stated that although there are a considerable number of theories and mechanisms for passive film breakdown, it remains 
still least understood. Three most relevant mechanisms for passivity breakdown that have been discussed in literature are: (1) 
the penetration mechanism, (2) the film breaking mechanism and (3) the adsorption mechanism. Surface analytical methods 
that have been used for studying the passivity of metals were reviewed by Strehblow [18]. Despite the large number of studies 
have been carried out on passive films on stainless steel, the critical factors controlling the growth and stability of passive films 
are still not fully understood [19]. 
In recent years, nanostructured materials have attracted a growing interest in academia and industry, not only because of their 
good mechanical and physical properties, e.g. hardness, wear, and Young’s modulus, but also because of their possibly 
enhanced electrochemical properties compared to the coarse-grained counterparts. It is generally shown that nanostructure may 
change the thickness and compactness of passive film, mainly due to this fact that high number of grain boundaries in the 
nanostructured metals provide more pathways for passivating elements to diffuse to the surface to form a passive film. A vast 
number of studies on the relationship between the grain size and corrosion behavior have been performed for different metals 
and alloys systems by using different treatments. It has been shown that nanostructure can also impact intergranular corrosion 
resistance. For example, surface nanocrystallization of an austenitic stainless steel using surface mechanical attrition treatment 
(SMAT) resulted in a very low degree of sensitization compared to the un-treated alloy, which was mainly attributed to the 
formation of twin boundaries in the microstructure of the SMAT-ed alloy. These twin boundaries were not susceptible to 
carbide precipitation because of their more regular and coherent atomic structure and lower grain boundary energy than those 
of other grain boundaries [20]. Some of the past studies on how grain size refinement affects the electrochemical corrosion 
behavior of nanocrystalline materials have been summarized in a series of literature reviews by Liu et al. [21], Ralston and 
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Birbilis [22] and more recently Gupta and Birbilis [23]. However, the effect of grain refinement on the corrosion behavior is 
still a controversial issue and both decrease and increase of corrosion resistance have been reported after reducing grain size 
[24,25].  
Most previous research in this field has focused mainly on the effect of grain size on the passivity and corrosion behavior, 
while the effects of other factors such as inclusions size and distribution, and texture have rarely been identified. This remains 
as an open research area and needs more investigations to clarify the changes induced by different techniques and subsequently 
their effects on the passive film formation and stability. The main objective of this paper is to review the various 
nanocrystallization processes that have already been used to manipulate the passivation ability and pitting corrosion resistance 
of stainless steels. Particular focus is on sputtering and severe plastic deformation (SPD) techniques that have previously been 
used to create bulk or surface-nanostructured stainless steels. 
2. MAHNETRON SPUTTERING 
Magnetron sputtering is a type of physical vapor deposition (PVD) coating technology by which a thin nanocrystalline layer 
with the exact chemical composition of the target is produced. The corrosion behavior of nanocrystalline stainless steel films 
produced by magnetron sputtering has widely been investigated during the last two decades [26-36]. A comprehensive 
summary of the electrochemical corrosion resistance of nanocrystalline stainless steels fabricated using magnetron sputtering is 
presented in Table 1. In most cases, the sputtered nanosize-grained samples have shown a wider passive range and a higher 
pitting corrosion resistance compared to coarse-grained counterparts, in spite of the same chemical compositions. This is 
believed to be due to the availability of much more diffusion paths for chromium to enrich in the passive film for 
nanocrystalline materials [31]. It has been verified that the passive film nucleates preferentially at the active sites like 
dislocations, grain boundaries, triple junctions, etc. and then gradually spread over the rest of the surface [33]. Passive film 
grows progressively on coarse grained surfaces, while it grows instantaneously on the nanocrystalline surfaces. Because of the 
smaller densities of these active sites on the surface of coarse-grained sample, the nucleation sites for passive film are limited 
which then resulted in uneven growth of the passive film. For the nanocrystalline sample, a large fraction of grain boundaries 
provides more nucleation sites for passive film growth. In the latter case, the distance between the neighboring nucleation sites 
was short which helped to rapid formation of a uniform passive film. A similar explanation has been also proposed by Pan et al. 
[34-36]. Another reason for the enhanced corrosion resistance is the homogeneous chemical composition of the sputtered films. 
Ye and coworkers [27] showed that nanocrystallization using magnetron sputtering has different effects on corrosion resistance 
of 309 SS depending on the electrolyte used in electrochemical measurements. In Na2SO4 solution, there is not any significant 
difference between the passivity behavior of nanocrystalline (NC) and coarsecrystalline (CC) samples which can be attributed 
to the formation of compact passive films with the same electronic characteristics on both samples; however, a more 
homogeneous, compact and stable passive film is formed on the NC sample in NaCl solution. Corrosion behavior investigation 
of a nanocrystalline 309 SS coating prepared by magnetron sputtering in the transpassive region showed a lower corrosion 
current density and dissolution rate for the passive film formed on the nano-crystalline sample compared with the bulk stainless 
steel in Na2SO4 solution, which was attributed to the more homogeneous distribution of Cr at the surface of the sputtered 
coating [30]. Similar results obtained by Li and coworkers [32] who achieved a continuous and uniform thin passive film on 
sputtered nanocrystalline stainless steel. 
All in all, most of the literature has reported that the surface nanocrystallization using magnetron sputtering caused an increase 
in the corrosion resistance of stainless steels. This can be explained in two ways: first, the nanostructured nature of the sputter 
deposited films help to provide more diffusion pathways for passivating elements (e.g. Cr) to diffuse to the surface to form a 
Cr-enriched passive film. Second, films produced by magnetron sputtering generally have more homogeneous chemical 
composition than the bulk counterparts. Inhomogeneous microstructure of the bulk stainless steels, especially presence of 
inclusions, has been known as one of the main reasons for localized corrosion initiation. 
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Table 1: Summary of the electrochemical corrosion parameters of nanocrystalline stainless steels produced by 
magnetron sputtering; Ecorr: corrosion potential, icorr: corrosion current density, Eb: breakdown potential. NC and CC 
stand up for nano-crystalline and coarse-crystalline samples, respectively. 
Material Environment 
Grain size 
(nm) 
𝑬𝒄𝒄𝒄𝒄
𝑵𝑵 -𝑬𝒄𝒄𝒄𝒄𝑵𝑵  
(mV) 
𝒊𝒄𝒄𝒄𝒄
𝑵𝑵 /𝒊𝒄𝒄𝒄𝒄𝑵𝑵  𝑬𝒃𝑵𝑵-𝑬𝒃𝑵𝑵 (mV) 
Passive range 
(NC relative to CC) 
Reference 
Austenitic SS 3.5 wt.% NaCl 50-100 ~90 ~1 (similar) ~510 wider [26,32] 
309 SS Na2SO4 + NaCl 50 - - 0-800 wider [27] 
Fe-10Cr H2SO4+Na2SO4+NaCl 20-30 61 ~2.4 similar - [28] 
304 SS 0.3 wt.% NaCl ~25 107 - ~850 - [29] 
304 SS 0.3 wt.% NaCl 50 - ~1 (similar) ~700 wider [34] 
304 SS 0.05 MH2SO4 + 0.2MNaCl 50 - - ~800 wider [35,36] 
3. SEVERE PLASTIC DEFORMATION 
One of the most used techniques for microstructure refinement of metals and alloys is severe plastic deformation (SPD). 
Reviews on the principles of various SPD processing techniques have been summarized by Valiev et al. [37], and a latter by 
Estrin and Vinogradov [38] on the properties achievable by SPD processing. So far different SPD methods have been 
developed for fabrication of nanostructures in the bulk or at the surface of metals and alloys. The plastic deformation induced 
by shot peening [39], ultrasonic peening [40], ball milling [41], equal channel angular pressing (ECAP) [7,42,43], cold rolling 
[44-47], laser shock peening [48,49], sandblasting [50], surface mechanical attrition treatment (SMAT) [51-53] and high 
pressure torsion (HPT) [54] has been reported to have a significant influence on the corrosion performance of stainless steels. 
The extent of the improvement or deterioration effect of the SPD processes on the corrosion performance are mainly dependent 
upon the degree of grain refinement, volume fraction of the grain boundaries, residual stresses and density of dislocations 
induced by each treatment. However, in most cases, the enhanced corrosion properties of the nanocrystalline materials has 
commonly related to the more diffusion paths for ions and atoms to migrate through grain boundaries and high density of 
dislocations [55-57], similar to that explained for nanostructured sputtered films in the previous section. Although it is 
fundamentally accepted that the type and extent of residual stresses can alter the free energy state and corrosion resistance of 
materials, the effects of residual stresses on passivity and pitting corrosion behavior have not fully been understood to date and 
different experimental results are reported in the literature. Some reports indicate a possible beneficial influence of the 
compressive residual stresses on the corrosion resistance [58-61]. 
In the following sections, some examples showing the effects of grain refinement induced using different types of SPD 
techniques on the passivity are provided and discussed. 
The improved corrosion resistance of ultrafine grained AISI 2205 duplex stainless steel fabricated by cold rolling and reversion 
annealing could be mainly attributed to the formation of a thicker passive film on its surface, as indicated by Jinlong et al. [45]. 
Moreover, according to the results of XPS analysis, they suggested that grain refinement promoted the enrichment of Cr in the 
passive film, which can be considered as another important factor in improving corrosion resistance. Zheng and coworkers [42] 
stated that according to the XPS measurements, the thickness and composition of the passive films formed on the ECAPed and 
un-treated alloys were very similar. They claimed that this is probably due to the un-changed Cr diffusion properties for the 
nanocrystalline sample at room temperature. However, the results of the electrochemical measurements indicated a nobler open 
circuit potential, a lower corrosion current density and a higher corrosion resistance for the ECAPed samples than the un-
treated counterpart. So, the authors suggested that compactness and stability rather than the thickness and composition change 
of the passive film have resulted in the high corrosion resistant 304 stainless steel prepared by ECAP [42]. Studies on the 
electrochemical corrosion behavior of bulk ultrafine-grained mild steel fabricated by ECAP showed a lower passive current 
density and an enhanced formation ability of a continuous dense passive film compared to the as-cast sample, which was 
attributed to the high number of preferential nucleation sites in the nanocrystalline sample and also to the refinement of the iron 
carbide particles during the ECAP processing [62]. Hasegawa and Osawa [63] observed a higher general corrosion rate but an 
improved pitting corrosion resistance for ultrafine grained AISI 304 SS and related this behavior to an increase of grain 
boundary density and formation of stable passive film on the surface. Similar results were obtained by Di Schino and Kenny 
[64] on the improved localized corrosion resistance of ultrafine grained AISI 304 stainless steel in 3.5 wt.% NaCl solution. The 
enhanced pitting corrosion resistance of bulk nanocrystalline stainless steel produced by a severe rolling technique indicated 
formation of a more compact passive film resulting in a lower corrosion rate and pitting susceptibility [65]. 
Electrical properties of the passive films have also been reported to have a significant effect on the corrosion resistance of the 
stainless steels. For example, Jinlong and Hongyun [66] reported that in spite of the disappearance of the most densely packed 
crystallographic plane (111) γ in the nano/ultrafine-grained 321 stainless produced by cold rolling, the corrosion resistance was 
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increased in 0.5M H2SO4 solution probably due to the significant lower donor density (measured by Mott-Schottky method) 
compared to the coarse grained sample. This is in a good agreement with the findings of Ref. [45]. 
It is generally believed that phase transformation occur during some SPD treatments, which can subsequently affect the 
corrosion behavior of the material. For example, Peguet and coworkers [46] confirmed a complex effect of cold working on the 
pitting phenomena of stainless steel; volume fraction of strain-induced martensite and dislocation density were introduced as 
controlling factors during different stages of cold working. Grain refinement of 2025 duplex stainless steel by rolling caused a 
more positive corrosion potential, open circuit potential and higher corrosion resistance than the coarse grained sample in 0.1 M 
NaCl solution [67]. Corrosion assessment of ultrafine grained 316L stainless steel showed an improved pitting corrosion 
resistance and larger charge transfer resistance due to an increased density of grain boundaries and also the homogeneous 
distribution of non-metallic phases and pit-forming impurities after a warm multi-axially forging treatment [68]. Surface 
chromium enriched 316L and AISI 304 stainless steels showed improved corrosion resistance in borate buffer solution, the 
positive effects of nanocrystallization and more chromium content in the passive film overcame the negative effect of strain-
induced α/-martensite [69,70]. The authors claimed this behavior is mainly due to stronger O2 adsorption and chemical activity 
of chloride ions on the surface of the passive film formed on nanocrystalline sample. A summary of the data for 
electrochemical corrosion behavior of nanocrystalline stainless steels fabricated using SPD techniques is presented in Table 2. 
Based on the results that have been reported in the literature, the effects of severe plastic deformation on passive film formation 
and stability are highly inconsistent. This inconsistency is not surprising, considering this fact that different SPD techniques 
causes various types of microstructural and compositional changes (such as grain refinement, texture, phase transformation, 
etc.), which can be evaluated carefully during electrochemical investigations. 
4. SUMMARY 
This review paper summarizes information on major nanocrystallization techniques that have been used as potential methods 
for improving the passivity of stainless steel and the enhancement of the corrosion resistance of stainless steels. Currently there 
is no general agreement in the literature on the effects of grain refinement on the passivation ability and corrosion performance 
of stainless steels. The main reason for this disagreement is the complex contribution of various factors resulted from different 
manufacturing processes and surface treatments which could pose complex effects on the corrosion resistance of a material. 
Each one of these factors has its own effect on the passivity and corrosion behavior and they are also highly interdependent on 
each other. One of the significant gaps in corrosion-related literature pointed out in this paper is that when studying the 
passivity and corrosion resistance of nanocrystalline stainless steels, all the possible determining factors like grain size, grain 
boundary character, texture, chemical composition, phase composition, surface roughness, residual stresses and inclusions 
should be considered. 
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Table 2: Summary of the electrochemical corrosion behavior of nanocrystalline stainless steels produced by different 
severe plastic deformation methods; Ecorr: corrosion potential, icorr: corrosion current density, Eb: breakdown potential. 
NC and CC stand up for nano-crystalline and coarse-crystalline samples, respectively. 
Material Environment Treatment 
𝑬𝒄𝒄𝒄𝒄
𝑵𝑵 -𝑬𝒄𝒄𝒄𝒄𝑵𝑵  
(mV) 
𝒊𝒄𝒄𝒄𝒄
𝑵𝑵 /𝒊𝒄𝒄𝒄𝒄𝑵𝑵  
𝑬𝒃
𝑵𝑵-𝑬𝒃𝑵𝑵   
(mV) 
Corrosion 
resistance 
Comments 
R
ef
er
en
ce
 
AISI 4145 Therminol Laser shock peening 0-7 0.1-0.004 2-5 improved 
Existence of high-level compressive 
residual stresses and uniform 
microstructural distribution 
[48] 
304 SS Borate buffer solution 
Cold rolling 
+ HT similar ~0.9 similar improved 
Fewer strain induced α/-martensitic 
and more nanotwins in nano/ultrafine 
grained sample 
[44] 
AISI 321 3.5 wt.% NaCl Ultrasonic peening (-90)-(+131) similar - 
improved or 
decreased 
Both the grain refinement and the 
volume fraction of the strain-induced 
martensite affect the corrosion 
[40] 
AISI 2205 Borate buffer solution Cold rolling - - ~100 improved 
Thicker passive film and significant 
decreased donor and acceptor 
densities in ultrafine grained sample 
[45] 
Iron 0.5 M H2SO4 Cold rolling -11 1.34 - decreased 
Nanocrystallization accelerated the 
kinetics of the anodic metal 
dissolution process 
[71] 
304 SS 3.5 wt.% NaCl Sandblasting annealing - - - 
improved or 
decreased 
More diffusion of chromium to the 
surface, good adherence of passive 
film to annealed sample 
[50] 
Ferrite 
steel 
0.01-1 M NaCl 
0.09 M NaOH ECAP (-36)-(+36) 0.32-1.46 - 
improved or 
decreased 
Improvement in corrosion resistance 
of Nanostructured material is 
sensitive to Cl- ions concentration 
[43] 
430 SS 0.1 M NaOH Cold rolling + HT ~(-50) - - decreased 
Higher point defect density of the 
fine-grained sample than that of 
coarse-grained one 
[72] 
1Cr18Ni9
Ti SS 3.5 wt.% NaCl Shot peening - - - improved 
The passive film on the surface of the 
shot-peened surface is more easier to 
form and is more stable 
[39] 
316L SS Saliva solution Cold rolling + nitriding 70 - - improved 
Grain refinement led to lower passive 
current density and a thicker or 
compact passive 
[47] 
Fe-10Cr 
Fe-20Cr 0.5 M H2SO4 
High energy 
ball milling 15 and 5 similar similar improved 
Higher chromium enrichment of the 
passive film formed on 
nanocrystalline sample 
[41] 
AISI 409 
and 304 0.6 M NaCl SMAT (-540)-83 0.02-4.3 - 
improved or 
decreased 
It depends on the surface roughness, 
microstrain and defect density of the 
samples induced by SMAT 
[51,
52] 
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